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The o b j e c t i v e  o f  t h i s  program was t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  o f  a number 
of  design parameters in producing premixed prevapor ized combust ion of  JP-5 
f u e l  i n  a s imulated gas tu rb ine  combustor  in  o rder  to  reduce undes i rab le  
emiss ions ,   w i th   pa r t i cu la r  emphasis  on  low NO operation.  Tests  were  con- 
duc ted  a t  t he  superson ic  c ru i se  cond i t i on ,  de f i ned  by  an entrance tempera- 
t u r e  o f  833K (15OO0R),  p r e s s u r e  o f  4 x 1 0 ~  N/m (4 atm) , Mach number o f  0.25, 
r e f e r e n c e  v e l o c i t y  o f  46 m/sec (150 f t / s e d  and equ iva lence ra t ios  from lean 
blowout to  0 . 6 .  Overal l   ength  of   the  combustor  module was one meter. Over- 
a l l  t o t a l  p r e s s u r e  d r o p  was less than 3 percent. 
X 
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Several means o f  f u e l  i n j e c t i o n  were t e s t e d   i n  a flame  tube  apparatus.  In- 
j e c t i n g  f u e l  t h r o u g h  a s e t  o f  t w e l v e  w a l l  o r i f i c e s  normal t o  t h e  a i r s t r e a m  
produced the highest degree of premixing and lowered NOx l e v e l s  t o  t h e  o r d e r  
of 0.2 g-N02/kg-fuel  at 99% e f f i c i e n c y  a t  an e q u i v a l e n c e  r a t i o  o f  0.4. S ing le  
f u e l  i n j e c t o r s  mounted  on the axis of  the mixer tube produced the lowest 
degree o f  p r e m i x i n g  due t o  t h e i r  i n a b i l i t y  t o  p e n e t r a t e  f a r  i n t o  t h e  h i g h  ve- 
l o c i t y  m i x e r  a i r s t r e a m .  A number o f  i n j e c t o r s  were tested ranging from pres- 
sure  a tomiz ing  nozz les  to  an a i r   ass is ted   a tomizer .   In jec to rs   wh ich   p roduced 
smal le r  d rop le t  s izes  produced be t te r  combust ion  e f f i c iency ,  bu t  a l l  p roduced 
NO l e v e l s  f a r  h igher  than  those  obtained  using  normal  in ject ion.  
X 
P r e h e a t i n g  t h e  l i q u i d  f u e l  p r i o r  t o  i n j e c t i o n  had l i t t l e  e f f e c t  on emission 
leve ls  bu t  ex tended the  lean b low o f f  limit wel l  be low that  encountered for  
unheated  fue l .   Increas ing  combustor   turbulence  leve l   by  insta l l ing  screens 
i n  the  mixer  tube a lso  had l i t t l e  e f f e c t  on  emission  levels.   Shortening  the 
mixer f rom 53 cm t o  33 cm produced somewhat h igher  combust ion ef f icency but  in-  




Combustion i n  a  gas turbine engine represents a unique problem wi th  regard 
to  con t ro l l i ng  the  p roduc t i on  of oxides of   n i t rogen.  Since gas tu rb ine  fue ls  
a re  genera l l y  f ree  o f  n i t rogen bear ing  compounds, the NOx which they produce 
i s  t h e  r e s u l t  o f  react ions which involve molecular ni t rogen or molecul.ar oxy- 
gen.  The extreme s t a b i l i t y  of  these molecules results i n  h igh  ac t i va t i on  
energies for reactions i n  which they part ic ipate and, as a resu l t ,  NOx forma- 
t ion  reac t ions  become important  only  at  high  temperatures.  Since  the a i r  i n  
a  gas tu rb ine  combustor i s  preheated by the action of a compressor, tempera- 
tu re  l eve l s  i n  the  combustion zone are considerably higher than those which 
would p r e v a i l  i n  a similar  f lame  at  atmospheric  pressure. As a resu l t ,  gas 
tu rb ine  combustion i s  p a r t i c u l a r l y  prone to  the  produc t ion  o f  NOx. 
* 
I n  References ( 1 )  and ( 2 ) ,  a suggestion was pu t  fo rward  fo r  the  cont ro l  o f  
thermal NOx, t ha t  i s ,  NOx generated solely as the resul t  of  h igh temperature 
reactions. The idea was basical ly  s imple:   s ince NO production  rates  are ex- 
t remely  sensi t ive to  temperature,  e l iminate reg ions of  loca l ly  h igh fue l  con- 
cent ra t ion  and correspondingly high temperature by thoroughly premixing fuel 
and a i r  p r i o r  t o  combustion t o  an equivalence rat io which will y i e l d  an ac- 
ceptably low  temperature.  Burning  lean  without  premixing does n o t  r e s u l t  i n  a 
s ign i f i can t   reduc t ion  i n  NOx levels.  Since  chemical  reactions  take  place on  a
molecular scale, uniformity must be on a molecular scale as we l l .  A "uniform" 
fog o f  l i q u i d  d r o p l e t s  i n  a i r  would not  sat is fy  the uni formi ty  condi t ion set  
for th here,  s ince local  regions of  h igh fuel  concentrat ion could be found  around 
each droplet .   Therefore,   premix ing  fue l   w i th   a i r   for   thermal  NOx control   pro- 
duces the corol lary requirement that  the fuel  mus t  be prevaporized as we l l .  
X 
The technique has  been demonstrated experimental ly using l iquid JP-5 f u e l  (Re- 
ference 3 ) ,  as we l l  as w i t h  gaseous propane,  Reference (4). I n  t h e  l i q u i d  
fue l  experiments, JP-5 was sprayed i n t o  a premixing duct upstream o f  a simu- 
la ted  gas tu rb ine  combustor and allowed to evaporate and d i f fuse through the 
~- __"~"  
"" ~ . 
*The spec i f i c  ox ides  re fe r red  to  here  are  n i t r i c  ox ide ,  NO and ni t rogen dioxide, 
NOZ, the sum o f  which i s  designated as NO 
X'  
a i r  p r i o r  t o  combustion. NOx leve ls  as low  as 0.6 gm N02/kg-fuel were obtained 
w i t h  99% combustion e f f i c i e n c y  a t  a combustor i n l e t  temperature of 833K (1500OR) 
and pressure of 4x10 N/m (4-atm). The t e s t  combustor,  which u t i l i z e d  a 
convergent-divergent fuel  in ject ion sect ion was subject  to  occasional f lashback 
from the combustion zone in to the premixer  and subsequent s t a b i l i z a t i o n  of a 
flame i n  the premixing duct. The dev i ce  tes ted  u t i l i zed  a two stage combustion 
system i n  which approximately 10% o f  t h e  i n l e t  a i r  c o u l d  be preheated by con- 
ventional combustion and mixed wi th  the remain ing a i r  a t  the premixer  ent rance.  
The a b i l i t y   t o  preheat the incoming a i r  was found to  be of no s i g n i f i c a n t  ad- 
vantage at  the supersonic  cru ise condi t ion and tended t o  exacerbate flashback 
problems . 
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The purpose vf the work described here i s   t o  extend the work o f  Reference (3) 
to  inves t iga te  the  e f fec ts  o f  fue l  in jec t ion  techn ique,  fue l  p reheat ing ,  com- 
bustor turbulence level and premixer length on operat ion of  a premixing pre- 
vapor iz ing gas turb ine combustor. In   addi t ion,   the  des ign employed i n  these 
t e s t s  u t i l i z e s  a s t r a i g h t  c y l i n d r i c a l  f u e l  i n j e c t i o n  s e c t i o n  and mixer to re- 
duce t h e  p o s s i b i l i t y  o f  flame s t a b i l i z a t i o n  upstream o f  t h e  combustor section. 
Tests were conducted i n  a flame tube apparatus at  the supersonic  cru ise condi t ion,  
t h a t  i s ,  a t  a  combustor entrance total temperature of 833K (15OO0R), to ta l  p res-  
sure o f  4x10 N/m (4 atm) and entrance Mach  number o f  0 . 2 5 .  The combustor re- 
ference  ve loc i ty  was 43 m/sec (150 f t /sec) .  The combustor was  15.2 centimeters 
i n  diameter and 46 centimeters in length. 
5 2  
* 
*Reference v e l o c i t y  i s  def ined as the  mass f low ra te  d iv ided by the canbustor 
entrance density and maximum combustor cross sectional area. 
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TEST APPARATUS AND PROCEDURES 
Combustor Test Rig 
The combustor test  apparatus i s  i l l u s t r a t e d  i n  F i g u r e  (1). A i r  from a pebble 
bed heater enters the apparatus through a b e l l  mouth t r a n s i t i o n  and reaches a 
Mach number o f  O.25in the 8.9 cm diameter premixing duct. Fuel i s  i n j e c t e d  a t  
stat ions f rom 15 t o  19 cm from the entrance face, the exact location depending 
on the  par t i cu la r  geometry o f  the  fue l  in jec to r  be ing  tes ted .  The f u e l  and 
a i r  f low through the premix ing duct  a t  a veloc i ty  o f  approx imate ly  135 m/sec 
and over a loo hal f  angle ho l low based conical f lameholder located at the com- 
bustor entrance stat ion. The mixer duct diameter expands by 64% a t  the  can- 
bustor entrance stat ion to provide some d i f f u s i o n  o f  t h e  h i g h  v e l o c i t y  a i r  i n  
o rde r  to  reduce stagnation pressure losses associated w i th  the sudden expan- 
s ion and combustion which occurs downstream. 
The combustor flame i s  anchored by the rec i r cu la t i on  reg ion  i n  the  5 cm d ia -  
meter flameholder base and the separated flow a t  t h e  19 mn annular step at  
the combustor entrance. The combustor i s  c y l i n d r i c a l  w i t h  a diameter of 15.2 
cm and a length of 46 cm. The combustor e x i t  s t a t i o n  i s  equipped with a water 
cooled cruciform rake containing sixteen sampling ports located at the centers 
of  equal  f low  areas. A hydrogen-air gas i g n i t e r  i n i t i a t e s  combustion a t  a 
p o i n t  j u s t  downstream o f  the annular step and i s  shut o f f  once i g n i t i o n  i s  
achieved. 
The apparatus is constructed using a heavy outer shel l  for pressure containment 
and a t h i n  (1.6 mm) s t a i n l e s s  s t e e l  l i n e r  to produce rap id  equ i l i b ra t i on  o f  
i n t e r i o r  w a l l  temperature. The gap between the  pressure  shel l  and t h e  l i n e r  i s  
sealed in  the  mixer  sec t ion  to  insu la te  and minimize  losses.  Cold a i r  i s  in- 
jec ted  in to  the  gap between t h e  l i n e r  and the pressure wall  i n  the combustor 
sect ion as a means o f  l i m i t i n g  l i n e r  temperature and preventing mechanical 
fai lure. During operation, the mixer wall  temperature was approximately 800K 
and the combustor l iner temperature approximately 1000K, varying somewhat wi th  
equivalence rat io. 
The e x i t   o f   t h e  combust ion apparatus is a choked o r i f i c e ,  s i z e d  t o  produce a 
stagnation pressure of approximately 75% of  the desired level  at  the design mass 
3 
flow. The c a n b u s t o r  l i n e r  c o o l i n g  a i r  i s  added to the  combustor exhaust gas 
along wi th a separate ly  contro l led quant i ty  of a i r  which i s   i n j e c t e d   j u s t  up- 
stream of  t h e  e x i t  o r i f i c e .  The m o u n t  o f  a d d i t i o n a l  a i r  added upstream o f  
t h e  e x i t  o r i f i c e  i s  c o n t r o l  l e d  to produce the desired 4x10 N/m (4 atm) c m -  
bustor stagnation pressure. This aerodynamic valve provides a means of  main- 
ta in ing constant  combustor pressure as equiva lence rat io ,  and thus e x i t  tem- 
perature, i s  va r ied .  
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Test Apparatus 
Two basic methods o f  f u e l  i n j e c t i o n  were tes ted  dur ing  th is  program. The 
f i r s t  was normal i n j e c t i o n ,  u t i l i z i n g  a set of twelve flush wall-mounted or i -  
f i c e s  t o  spray f i n e  (0.38 mn diameter)  jets of  fuel  across the mixer airstream 
as i l l u s t r a t e d  i n  F i g u r e  ( 2 ) .  Using  the method of  Reference (61, penetrat ion 
of  l i q u i d  j e t s  i s  ca l cu la ted  to  be three quarters of  the mixer duct radius,  
p lac ing  the  l i qu id  i n  c lose  p rox im i t y  t o  over 90% of the airstream. Each 
transverse j e t  o f  f u e l  c r e a t e s  a sheet o f  Fine droplets which need on ly  d i f -  
fuse through the small  lateral distance between adjacent sheets t o  mix  w i th  
the airstream. 
The second  method o f  i n j e c t i o n ,  i l l u s t r a t e d  i n  F i g u r e  (31, u t i l i z e s  s i n g l e  
a x i a l l y  mounted nozzles.  Four  separate  atomizing  nozzles were tested.  Three 
employed pressure  atomization and produced 60 semisolid  spray  patterns. The 
four th  was an a i r  atomizing nozzle (Sonicore Model 25OJ-1) and produced a 
s l i g h t l y  narrower  spray. The n o z z l e s  d i f f e r e d  i n  o r i f i c e  s i z e  and each pro- 
duced a d i f ferent  pressure drop and mean d r o p l e t  s i z e  f o r  a given fuel  flow 
rate. The nozzles  were mounted f o r  streamwise i n j e c t i o n  as  hown i n  F i g u r e  
(3a). The pressure atomiz ing nozz le wi th  the smal lest  or i f ice was a l s o  mounted 
for contrast ream in ject ion as sham in  F igure  (3b). 
0 
Two flameholders were  used dur ing the course of  the program.  Both u t i l i z e d  a 
loo half  angle conical  centerbody with a hol low base, supported by a set  of 
hol low base s t ru ts .  Flameholder I ,  shown in  F igu re  (4a)  employed  unswept s t r u t s  
to  support the centerbody such that i t s  base was located in the plane of  the 
annular step at the canbustor entrance. Flameholder I I ,  sham in  F igu re  (4b), 
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employed swept s t r u t s   t o  move the base of the centerbody 4.4 un dtmnstream. 
As a resu l t  of  t h i s  movement, the combustor entrance area o f  Flameholder I I  
is 12.5% la rger  than tha t  o f  Flameholder 1 .  
The combustor turbulence level was increased i n  a number o f  t e s t s  by i n s t a l l i n g  
a screen in the mixer immediately upstream of the flameholder. The screen, 
which was he ld  in  p lace  by a th in  meta l  r ing ,  cons is ted  o f  a  square mesh 8.5 mn 
on a side constructed of 1 mn s ta in less  s tee l  wire.. The e f f e c t  of preheating 
t h e  l i q u i d  JP-5 p r i o r  t o  i n j e c t i o n  was invest igated using a 1.6 meter c o i l  o f  
64 mn sta in less s tee l  tub ing mounted i n  the entrance to the mixer tube as 
i l l u s t r a t e d  i n  F i g u r e  ( 5 ) .  Fuel  could be supp l ied  to  any of the  in jec to rs  
tes ted  e i the r  d i rec t l y  o r  by way of the preheat coi l .  Fuel routed through the 
preheat c o i l  was del ivered to  the in jector  a t  a  temperature of approximately 
500K, va ry ing  s l i gh t l y  w i th  fue l  f l ow  ra te .  
Fuel System and Propert ies 
L iqu id JP-5 fue l  i s  stored in a tank which is pressur ized w i th  n i t rogen and 
connected to the apparatus through a cavi tat ing ventur i  and turbine flowmeter. 
The flaw ra te  th rough the  cav i ta t ing  ventur i  i s  a func t ion  o f  the  upstream 
pressure which i s  cont ro l led by regulat ing the pressure of  the n i t rogen supply .  
A physical  analysis of the JP-5 used i s  presented i n  TABLE 1 .  
TABLE I 
JP-5 PHYSICAL  ANALYSIS 
S p e c i f i c  g r a v i t y  a t  288K  (6OoF) 
Flash point, PM 
Pour po in t  
V i scos i t y  a t  310K  (100OF) 
I n i t i a l  b o i l i n g  p o i n t  
10% D i s t i l l a t e  
20% D i s t i l l a t e  
50% D i s t i l l a t e  
90% D i s t i l l a t e  
F ina l  bo i l i ng  po in t  
Residue, % by volume 
0.815- (42.1 deg A.P.I.) 
329K (1 34OF) 
227K (-SOOF) 
1.5 x m2/sec (31 sec. S.S.U.) 









Inst runentat ion 
A rake  loca ted  in  the  combustor entrance duct defines mixer stagnation pres- 
sure and temperature and stat ic pressure taps are provided along the wal ls of  
the apparatus along wi th thermocouples to measure l iner  sur face  temperature. 
Figure ( 6 )  sumnarizes the instrumentat ion locat ions and dimensions of the 
basic configuration. 
A s ix teen point  cruc i form sampl ing rake is  located at  the cambustor e x i t  s t a -  
t ion.  The rake i s  cons t ruc ted  o f  s ta in less  s tee l  and i s  cooled by  an in te rna l  
f low of  water which is discharged downstream to  cool the canbustor exhaust gas. 
The s ix teen ind iv idual  por ts  are located at  the centro ids of  equal  flow areas 
and are mani fo lded external ly  to  prov ide an average gas sample f o r  chemical 
analysis. 
The  gas sampling  system i s  shown schematical ly i n  Figure (7). The sampling 
manifold i s  connected by a 6.4 m (1/4- inch)  s ta in less s tee l  l ine to  a h igh 
flow pressure regulator and dump valve. The sample, co l l ec ted  a t  a pressure 
o f  4x10 N/m (4  atm) i s  regulated down to  a pressure  o f  2x105 N/m (2 atm) 5 2  2 
before being div ided by a se t  o f  meter ing  va lves  in to  four  ind iv idua l  streams. 
The sample l i n e  i s  heated t o  a temperature o f  450K  (35OOF) up t o  a Beckman 
Model 402 hydrocarbon  analyzer  which  accepts one o f  these  streams:  the  remain- 
ing three sample streams are  a l lowed to  coo l  to  365K (195OF). The sample l i n e  
i s  heated by wrapping it w i t h  an asbestos c lo th res is tance heater  and enclosing 
the assembly w i t h  a f iberg lass /p las t i c  foam insu la t ing  sheath. One o f  t h e  sample 
streams i s  passed through a Beckman Model 951 NO/NOx analyzer  (chemiluminescence). 
Another  leads t o  a Beckman Model 864 infrared analyzer (COP), a Beckman Model  742 
oxygen analyzer (Polarographic) and  a Beckman Model 315B inf rared analyzer (CO), 
connected i n  series, The l a s t  l i n e  i s  used  as  a dump. Flow rates  through  the 
system are kept high by maximizing the amount o f  sample dumped both up and d m -  
stream of the  pressure  reduct ion  regulator.   Cal ibrat ion gas i s  Introduced  through 
a three way va lve located just  domstream of  the sample manifold. Zero gas f o r  
the Oxygen, CO and CO analyzers (dry nitrogen) enters through a three way valve 
located upstream of  the set  o f  meter ing vafves.  The NO/NOx and hydrocarbon 
analyzers provide internal sources of zero gas. Gas analysis  procedures and 
data reduction equations were i n  accordance w i t h  ARP 1256, Reference ( 5 ) .  The 
2 
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data reduction procedures and instrument cal ibrat ion curves are presented in 
the appendix. 
Faci 1 i t y  
The experiments were carr ied out using the pebble bed  blow-down f a c i l i t y  of 
General Applied Science Laboratories, Inc. whose per t inent  components a re  
i l l u s t r a t e d  i n  Figure (8).  Mechanical  compressors f ill a bank of storage 
b o t t l e s  w i t h  a i r  a t  a pressure on the order of  lo7 d m 2 .  The a i r  i s  d r i e d  
p r i o r  to storage and contains  less  than 2  x kg o f  water  per  kg o f   a i r .  
Prior t o  a tes t ,  a  bed o f  aluminum oxide pebbles i s  heated by e l e c t r i c  glow- 
bars to a preset  temperature. A i r  f r o m  the  storage bank i s  passed through 
the bed o f  heated  pebbles and in to  the  combustion  apparatus. The experiments 
were conducted a t  a nominal f low ra te  o f  1.36 kg/sec  (3lb/sec)  under  which 
condit ion the pebble bed pressure was approximately 14 x l o5  N/m2 (200 psia).  
As w i t h  any blow-down f a c i l i t y ,  u s e f u l  t e s t  t i m e  was l i m i t e d  by t h e  a b i l i t y  
t o  s t o r e  an adequa.te amount o f  h igh  pressure  a i r  and to  prov ide  su f f i c ien t  
heat.  For  these  tests,  heat  storage  capacity was the  l im i t ing  quant i t y .  
Figure (9) shows typical  temperature histor ies in the pebble bed exhaust 
plenum. A t  the  t ime  that  tunnel  f low i s  in i t ia ted,   the  pebble bed i s  a t  i t s  
maximum temperature but the a i r  d e l i v e r y  1 ines and combustion apparatus are  
a t  low temperature and produce the maximum coo l ing  o f  the  a i r  en ter ing  the  
combustor. As a test  progresses,  although  the bed temperature  drops, p r i o r  
heating of t h e  d e l i v e r y  l i n e  reduces  subsequent losses and the temperature o f  
t h e  a i r  a t  t h e  combustor en t rance r i ses  s l igh t ly .  The considerable  thermal 
i n e r t i a  o f  the system r e s u l t s  i n  a f a i r l y  f l a t  peak and s low decl ine in  the 
temperature  curve. By al lowing the apparatus to warm up for approximately 
45 seconds,  a test  t ime o f  over 3 minutes i s  obtained w i th  a temperature 
v a r i a t i o n  o f  6 K  (lOOR).  Longer running  time i s  poss ib le  when a greater  var ia-  
t i o n  i n  combustor entrance temperature can be tolerated. 
Test Procedure 
In  the  normal sequence o f  tes t ing ,  s teady  a i r  f l o w  i s  f i r s t  established. The 
a i r  f l ow  con t inues  for approximately 45 seconds to  al low the tunnel temperature 
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to come up, during which time the hydrogen a i r  i g n i t e r  i s  t u r n e d  on.  Once 
steady condi t ions are ver i f ied,  fuel  flaw i s  i n i t i a t e d  a t  t h e  d e s i r e d  i n i t i a l  
equivalence rat io.  The apparatus i s  allowed to operate for approximately one 
minute during which time the gas analysis instruments are checked t o  v e r i f y  
tha t  each i s  reading  on  the  proper  scale. A t  tha t  po in t ,  a l l  ins t roment  read- 
ings are recorded using a  bank of Honeywell v is icorders.  Once the data 
record i s  acquired, the fuel flow r a t e  i s  changed and the procedure repeated. 
The process continues for anywhere from one to  s i x  m inu tes  depending on f low 
rates or temperature requirements. 
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combustor turbulence 
t o  assess the sensit 
Before  proceed i ng t o  
the  indiv idual   desig 
RESULTS  AND  DISCUSSION 
The basel ine test  combustor u t i l i z e d  t h e  r i n g  n o z z l e  mnnat f ue l  injector and 
a mixer  length of  53 cm. This  conf igurat ion was tested over a range of i n l e t  
a i r  temperatures from 800K to  980K to  es tab l i sh  a  means to  assess the ef fect  
o f   i n l e t  temperature variations which might be encountered during the course 
of furt.he:r test ing. Emission levels were 'then established for th is  conf igura-  
t i o n  which characterized a l l  f u r t h e r  t e s t i n g .  The flameholder  geometry was 
changed f rom conf igurat ion I t o  c o n f i g u r a t i o n  I I  with no  measureable e f f e c t .  
Tests were then repeated using an abreviated (33 cm) mixer tube. Axial ly mount- 
ed pressure and air  atomizing nozzles were tested using the or ig inal  mixer sec- 
t i o n  f o r  b o t h  streamwise and contrastream  in ject ion.  The fuel  preheat tempera- 
tu re  was changed t o  assess i t s  e f f e c t  on  combustor  performance. F ina l l y ,  the  
leve l  was increased by adding screens to  the mixer  sect ion 
i v i t y  o f  t he  resu l t s  to  tu rbu lence  leve l .  
a de ta i led  d iscuss ion  o f  the  emiss ion  charac ter is t i cs  of 
n var ia t ions tested,  some remarks are in  order  regard ing 
operation of the overal l  apparatus. The total pressure drop from the mixer 
entrance to the combustor e x i t  was measured dur ing a  number of tes ts  and was 
found to   vary  between 1 4 %  and 3 % .  The exact  value was a func t i on   o f   t he  
p a r t i c u l a r  geometry being  tested and of  the equiva lence rat io .  However, except 
f o r  t e s t s  where a turbulence-generating screen was ins ta l l ed  i n  the  m ixe r ,  i n  
no  case measured did the total  pressure drop exceed 3%. 
An important aspect of  the operat ion of  the presen.t design i s  t h e  complete 
absence of  f lashback for the condi t ions covered in the present program. (The 
mixer employed here consis ts  o f  a s t ra igh t  sec t i on  o f  cy l i nd r i ca l  t ub ing  w i t h  
a  gas v e l o c i t y  o f  134 m/sec.) As will be noted later,  a l though most t e s t i n g  
was carr ied out  a t  the supersonic  cru ise condi t ion (83310 some t es ts  were per- 
formed a t  i n l e t  temperatures as h igh  as 980K (1764OR) and even a t  these condi- 
t ions burning was confined to  the combustor  section.  This i s  a considerable 
improvement over the results reported in Reference (3) where a convergent- 
d ivergent  fue l  in jec t ion  sec t ion  was employed w i th  an even higher mixer velo- 
c i t y .  The s t ra igh t  cy l indr ica l  m ixer  tube appears to  avoid  flashback  problems 
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by el iminat lng regions of l o c a l l y  separated flow which are capable o f  p rov id ing  
adequate  residence time to anchor a flame. It i s  c e r t a i n l y  p o s s i b l e  t h a t  a 
mixer  ve loc i ty  lower than 134 m/sec could be to lerated a l though fur ther  tests  
w u l d  have t o  be made t o  determine the lower limit. Decreasing the mixer tube 
v e l o c i t y  would lower the 1 H  to 3% pressure drop somewhat by decreasing the 
sudden expansion loss a t  t h e  combustor section entrance and reducing the com- 
bustor  entrance Mach number. Nevertheless,  the  present  values  for  total  pres- 
sure drop appear to be qui te acceptable.  It must be k e p t  i n  mind,  however, 
that since the tests described here involve only primary combustion with no 
d i l u t i o n  a canplete burner employing di lut ion air  would be expected to  opera te  
w i t h  a somewhat higher pressure drop. 
In a l l  t es ts  repo r ted  here,  the fue l /a i r  ra t io  obta ined from chemical analysis 
o f  t h e  gas sample agreed w i th  the  metered f u e l / a i r  r a t i o  t o  w i t h i n  5%. As a 
resul t ,  the mani fo ld ing of  the s ix teen sampl ing por ts  appears to  p rov ide  a re- 
presentat ive sample o f  t he  combustor e f f l u e n t  gas. 
E f f e c t  o f  I n l e t  Temperature 
It should be noted that although the mixer entrance temperature i s  defined for 
th i s  tes t  se r ies  as 833K (1500°R), the use o f  a pebble bed heater always produces 
some dev ia t ion  from t h i s  temperature, especially when test  per iods on the order 
o f  5 minutes  are employed. Since NO produc t ion  ra tes  are  c lear ly  sens i t i ve  to  
f i n a l  flame temperature, f o r  a f ixed equivalence rat io they will be sens i t i ve  
to combustor i n l e t  temperature as we l l .  I n  o rde r  to  account f o r  t h e  e f f e c t  o f  
entrance temperature variation, a ser ies of  data po ints  were obtained using the 
r i n g  n o z z l e  i n j e c t o r  t o  produce a constant  equiva lence rat io  o f  0.4 whi le  the 
entrance  temperature was varied. The r e s u l t s  o f  these tests are shown in  F igu re  
X 
(10) 
NO l eve l  i s  seen to  increase exponent ia l ly  wi th  in i t ia l  temperature at  a r a t e  
which indicates an order  o f  magnitude increase for each 311K temperature rise. 
As a r e s u l t ,  assuming that  the s lope of  the temperature sensi t iv i ty  curve i s  
not  a s t rong funct ion of  equiva lence rat io ,  NO data taken a t  i n i t i a l  temperatures 




Since  increasing  the  temperature  increases  chemical  reaction  rates,  unburned 
hydrocarbons  disappear more rap id l y  as the  temperature  rises. The resul ts  pre-  
sented i n  F igu re  (10) i nd i ca te  tha t  t h i s  phenomenon requires  that  hydrocarbon 
emission indices be corrected by the factor 
Increasing react ion rates also dr ives CO l eve ls  toward t h e i r  e q u i l i b r i u m  v a l -  
ues  more rap id ly .  However, unlike  the  hydrocarbon  species,  the  equil ibrium 
CO l e v e l  i s  an exponent ia l ly   increas ing  funct ion of  temperature. As a resu l t ,  
CO emission index i s  n o t  a monotonic f u n c t i o n  o f  temperature and  does no t  lend. 
i t s e l f  t o  t h e  use o f  a temperature correct ion coef f ic ient .  Hwever ,  the d i f -  
ference between the C O  emission index a t  a given temperature and the equi  l ib-  
rium C O  emission index at that temperature is a d i rec t  func t ion  o f  reac t ion  
rates  alone and  can  be corrected  accordingly. From Figure ( l o ) ,  the  data  shws 
tha t  the  cor rec t ion  fac to r  
( q - 3  
c = 10 3 
can  be appl ied to  the d i f ference between the C O  emission index and the C O  emis- 
sion  index  for  chemical  equi l ibr ium.  Since  the  equi l ibr ium  emission  index i s  a 
known func t ion  o f  equ iva lence ra t io  and f i n a l  temperature,  the  factor C can  be 
used t o  d e r i v e  a temperature corrected C O  leve l .  
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F ina l l y ,  combustion ine f f i c iency ,  a function o'f both  hydrocarbon  emission  index 
and the C O  emission index i n  excess o f  e q u i l i b r i u m  lends i t s e l f  t o  t h e  same type 
of  correct ion.  From Figure (101, the  data  is  seen to  indicate  the  factor 
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In orde r  to  assess t h e  v a l i d i t y  of the derived temperature correction factors 
a t  equivalence rat ios other than 0.4, tho  r ing  nozz le  combustor conf igura t ion  
was operated over a range o f  equivalence rat io at  mixer in let  temperatures 
ranging from 798K t o  980K. Figure ill) presents the measured combustion  emis- 
s i o n  l eve ls ,  cor rec ted  to  an entrance temperature of 833K using the factors C1 
to C4 as funct ions o f  equiva lence rat io .  Depending  upon the  m ixe r  i n le t  
temperature,  the  factors  range  from one t o  f o r t y  seven. Despi te th is extremely 
large range o f  cor rec t ion ,  the  da ta  i s  seen to  co l lapse qu i te  n ice ly ,  con f i rm ing  
the  app l icab i l i t y  o f  the  der ived  fac to rs .  
The NOx levels obtained using normal i n jec t i on  ( r i ng  nozz le ) ,  F igu re  ( l l a ) ,  a re  
extremely lw, ranging from 0.1 g-NO /kg-fuel  at  an equ iva lence  ra t i o  o f  0.3 t o  
approximately 1 g-N02/kg-fuel a t  an equ iva lence ra t io  o f  0 . 6 .  F igu re  ( l l b )  shows 
tha t  combustion i s  h i g h l y  e f f i c i e n t  as we l l ,  w i th  an e f f i c i e n c y  o f  99% at equiva- 
lence r a t i o  0.4 where the NOx leve l  i s  0.2 g-N02/kg-fuel. The CO emission  index 
decreases exponent ia l ly  wi th  increas ing equiva lence rat io  and reaches the equi- 
l i b r i u m  l e v e l  a t  an equiva lence rat io  o f  0 . 5 .  The hydrocarbon  emission  index i s  
a lso  an exponent ia l ly  decreasing funct ion of  equivalence rat io.  
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Mixer  Length 
The e f f e c t  o f  changing mixer duct length was invest igated by decreasing that 
sect ion from i t s  o r i g ina l  l eng t t i  o f  53 cm (21 i n . )  t o  one o f  33 cm (13 in . ) .  
Figure (12) shws  the  resu l t s  o f  t h i s  change. The NOx level  increases by  a 
f a c t o r  o f  2 over  the ent i re  range o f  equiva lence rat io  whi le  CO and unburned 
hydrocarbon levels drop somewhat below the values obtained with the longer 
mixer. Th is  behavior i s  cha rac te r i s t i c   o f   i nc reas ing   l oca l   equ iva lence   ra t i o  
and indicates that decreasing the mixer length adversely af fects the degree 
of  uniformity achieved by the combustor entrance station. 
Pressure Atomization - Streanwise Inject ion 
The emission characterist ics obtained using a single pressure atomizing nozzle 
mounted ax ia l ly  in  the mixer  tube are sham in  F igure (13) .  NOx leve ls  a re  fa r  
higher  than those obtained using normal i n j e c t i o n .  The minimum NOx l e v e l  o f  
2.5 g-N02/kg-fuel was obtained at  an equ iva lence  ra t i o  o f  0.32 with over  5% 
combust ion inef f ic iency.  Attempts to burn at  lower equivalence rat io produced 
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unstable canbus t ion and occas i ona 1 f 1 ameout. 
The hydrocarbon emission index pa ra l l e l s  the  behav io r  o f  t he  combustion ine f -  
f ic iency,  dropping slowly wi th increasing equivalence rat io.  Hawever, the un- 
burned  hydrocarbon l e v e l  i s  q u i t e  h i g h  f o r  t h i s  method of fue l  in jec t ion  imp ly -  
ing  tha t  a s m a l l  b u t  s i g n i f i c a n t  f r a c t i o n  o f  t h e  f u e l  may be enter ing the corn- 
bustor s t i l l   i n  t t i e  l i qu id  phase.  Carbon  monoxide leve ls  a re  h igh  a t  law equiva- 
lence r a t i o  and drop s lowly  wi th  increas ing fue l  flow, approaching e q u i l i b r i u n  
as the overa l l  equiva lence rat io  approaches 0.7 .  
The data presented i n  F igu re  (13) were obtained using the smal lest  of  the three 
pressure atomizing nozzles tested. The nozzle  pressure  drop,  which i s  propor- 
t i o n a l  t o  t h e  square r o o t  o f  f u e l  flow rate,  i s  6 .8~10 N/m (100 p s i a )  a t  
equiva lence rat io  0 . 2 5 .  Two other. nozzles were tested which had greater flow 
ratings (lower pressure drop a t  a given flaw rate)  and produced la rger  d rop le t  
sizes. The NO leve ls  and combustion inef f ic iencies  obtained  using  these noz- 
z les were both higher than those for the smallest nozzle although the magnitude 
of the di f ference was not large. 
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The NO leve ls  obta ined us ing the s ing le ax ia l ly  mounted nozzle are higher than 
those  produced by the  normal i n jec t i on  con f igu ra t i on  i nd i ca t i ng  a lower  degree 
o f  premixing by the combustor entrance stat ion. The droplet  s ize produced  by 
the pressure atomizer varies between 50 and 150 microns and t ra jec to ry  ca lcu la -  
t ions indicate that  streanwise accelerat ion of  the droplets in the high veloci ty 
mixer a i r f l o w  i s  so l a r g e  t h a t  l a t e r a l  p e n e t r a t i o n  o f  t h e  l i q u i d  i s  no greater 
than 3 cm by the end of the mixer section. As a r e s u l t ,  t h e  i n i t i a l  f u e l  j e t  
acts as a 6 cm diameter cyl inder wi th in the 8.9 cm diameter mixer duct. Within 
th is  cy l inder ,  the  in i t ia l  d ispers ion  o f  fue l  d rop le ts  would be expected t o  
produce a reasonably  uniform  mixture. However, because t h e  a i r  w i t h i n  t h i s  
streamtube  comprises  less  than 50% o f  t h e  t o t a l  flow, the local equivalence 
r a t i o  would be expected t o  be  on the order of twice the overal l  value. Coaxial 
j e t  m i x i n g  cannot produce a uni form mixture wi th in  the length of  the mixer  tube 
(E/d 8). As a result,   the  f lame  would be  xpected to   d i sp lay  oremixed can- 
bust ion character ist ics for  overal l  equivalence rat ios below 0.5  but these 
charac ter is t i cs  would correspond to the local equivalence ratio, approximately 
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twice the overal l  value. For equivalence rat ios greater than 0.5, the centra l  
j e t  behaves as a convent ional  d i f fus ion flame, burning as t he  fue l - r i ch  co re  
mixes wi th  the outer  sheath of  a i r .  
The high CO leve ls  appear to  be t h e  r e s u l t  o f  r a p i d  quenching o f  t he  ou te r  edge 
of the central f lame and, again,  are character is t ic  of non-premixed combustion. 
The level  of  unburned hydrocarbons cannot be adequately accounted for by  incom- 
plete mixing. It would  appear tha t  the  rap id  acce le ra t ion  o f  the  fue l  d rop le ts  
to a c o n d l t i w  o f  n e a r l y  z e r o  v e l o c i t y  r e l a t i v e  t o  t h e  r a p i d l y  f l o w i n g  (170 m/sec) 
mixer a i r  and the i r  mixer  res idence t ime of  on ly  3 msec i s  inadequate f o r  can- 
p le te evaporat ion of  droplets  as large as those o f  150 micron diameter produced 
by the pressure atomizer. 
Contrastream  Inject ion 
The e f fec t  o f  con t ras t ream in jec t ion  us ing  the  same a x i a l l y  mounted pressure 
atomizing  nozzle i s  shown in   F igu re  (14 ) .  Contrastream  inject ion produced 
noisy combustion with considerable low frequency (< 100 cps) o s c i l l a t i o n s  and 
the  data shows considerable  scatter. NO levels  are  lower  than  those  for CO- 
stream inject ion  although  the  decrease i s  qui te  smal l .  Combustion i n e f f i c i e n c y  
i s  h igh ly  sens i t i ve  to  the  less stable combustion mode and  shows points both 
above and below the streanwise data, although a least  squares f i t  to  the  da ta  
i s  v i r t ua l l y  co inc iden t  w i th  the  resu l t s  o f  t he  cos t ream in jec t i on  tes ts .  As 
before, the hydrocarbon emission index behaves as the combustion i n e f f i c i e n c y  
since there i s  r e l a t i v e l y  l i t t l e  change in  the  C O  leve l  wi th  equiva lence rat io .  
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Air-Assisted Atomizatibn 
Replacing the pressure atomizing nozzle with an a i r  ass i s t  a tomize r  produced 
an i n t e r e s t i n g  r e s u l t .  As wi th  the  ear l ie r  cos t ream in jec t ion  tes ts ,  combus- 
t i o n  was smooth  and q u i e t  w i t h  l i t t l e  s c a t t e r  i n  t h e  r e s u l t s .  NOx levels,  
shown in  F igure  ( lga) ,  a re  v i r tua l l y  unaf fec ted  by  the  f iner  a tomiza t ion  pro-  
duced  by the a i r  ass is t  nozz le,  conf i rming the ear l ier  supposi t ion that  the 
high NO leve ls  were t h e  r e s u l t  o f  improper  mixing  rather  than  inadequate 
evaporation. Combustion ineff iciency,  Figure  (15b),  displays a pronounced im-  




decrease i n  hydrocarbon  emission  level, sh&n i n  Figure (1%). Carbon  monoxide 
emission,  Figure  (15d), i s  o n l y  s l i g h t l y  improved. As noted ear l ier ,  h lgh CO 
leve ls  a re  typ ica l  o f  d i f f u s i o n  flames surrounded by h i g h  v e l o c i t y  . a i r  where 
rapid quenching a t  t he  edges o f  'the flame precludes f i n a l  o x i d a t i o n  of  the CO. 
Fuel Preheat and  Combustor Turbulence Level 
The e f f e c t s  .of preheat ing the fuel  to approximately 500K (900OR) and of in -  
creasing turbulence level by placing screens i n  t h e  m i x e r  a r e  i l l u s t r a t e d  i n  
Figure (16) .  The e f f e c t  o f  screens i s  seen to  be o f  no more than second order 
importance. The i r  e f fec t  on NOx and CO emission levels is part icular ly smal l .  
A s l i gh t  i nc rease  in  hydrocarbon  emission  level i s  ev iden t  and i s  r e f l e c t e d  by 
a correspondingly  small  increase i n  combustion i ne f f i c i ency .  
Preheat ing  the  fue l  p r io r  to  in jec t ion  produced no substantive effect on emission 
leve ls  or combustion ine f f i c iency .  However, where i t  was not  poss ib le  to  mainta in  
combustion a t  equivalence rat ios below 0.43 w i t h  unheated fuel,  preheating pro- 
duced s tab le  combustion down to  the  lowest  equivalence  rat io  tested. Combustion 
ine f f i c iency  was unacceptably high a t  the lowest equivalence rat io, but there was 
no tendency for the f lame to blow out.  
CONCLUD I NG REMARKS 
The problem of reducing oxides of  n i t rogen produced by gas tu rb ine  combustors 
i s  an important one, regard less  o f  the  app l ica t ion  i n  which the engine may be 
used. However, the  problem becomes especial ly important when one considers 
propuls ion systems for  comnerc ia l  supersonic  a i rcraf t .  Th is  par t icu lar  appl i -  
ca t ion  i s  e s p e c i a l l y  c r i t i c a l  i n  that  condi t ions i n  the stratosphere, where 
SST's will operate, are such tha t  la rge  quant i t ies  of NO can p o t e n t i a l l y  r e -  
duce the  ear th 's  p ro tec t ive  ozone layer. 
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In Reference (8), there is a discussion of  the concept of  the "zero impact"  
a i r c r a f t .  The concept i s  based on the observat ion that whi le the NOx contain- 
ed i n  engine exhaust gases  can reduce stratospheric ozone through long term 
chemical reaction, the water content of these same gases  produces j u s t  t h e  
opposi te  ef fect  by reducing the level  of  stratospher ic NO. Therefore,  a  small, 
b u t  f i n i t e ,  amount o f  NO i n  t h e  exhaust gas o f  a  s t r a t o s p h e r i c  a i r c r a f t  i s  
necessary t o  balance the effect of the water being discharged. I t is  ca lcu-  
lated that a NOx emission index o f  0.3 g-NO /kg-fuel will produce zero impact 
on  the  stratospheric ozone layer .  Th is  resul t  is  o f  great  impor tance,  for  i f  
th is  emiss ion leve l  can be achieved the possibi l i ty  of  environmental  damage 
to the stratosphere by engine NOx will be el iminated, regardless of  the number 
o f   a i r c r a f t  which may eventual ly  come in to  serv ice .  
X 
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The NO l eve ls  produced  by  conventional gas turbine engines operat ing at  the 
supersonic cruise Condit ion is anywhere from 18 t o  20  g-NO /kg-fuel. In the 
experimental clean combustor  program NO l e v e l s  o f  4 t o  10 gm N02/kg-fuel 
have been demonstrated at the supersonic cruise condit ion, Reference (91, s t i l l  





As the  degree  of  uel  premixing  improves,  the NO l eve l  decreases and  combus- 
t i o n  e f f i c i e n c y  improves. The s i n g l e  a x i a l l y  mounted nozzle design tested here 
produced 10 gm N02/kg-fuel a t  99% combustion e f f i c i e n c y  and 2.5 gm N02/kg-fuel 
when combustion e f f i c i e n c y  dropped t o  95%. As premixing was improved by employ- 
ing a set  of  four pressure atomizing nozzles spraying at  75O to  the  f low ax is ,  
the combustor produced NOx l e v e l s  o f  2 gm N02/kg-fuel a t  99% combustion e f -  
X 
f i c iency  and 0.45 gm NOp/kg-fuel wi th  98% combustion e f f  
( 3 ) .  Final ly ,   the 12 o r i f i c e  normal in ject ion  technique 
duced 0.4 gm NO2/kg-fue1 a t  99.7% e f f i c i e n c y  and below 0 
a t  99% combustion e f f i c i ency ,  t he  l a t te r  number being be 
goal. As the  degree of  premixing and prevapor izat ion is 
that the zero impact goal can be met. 
" - _  
iciency,  Reference 
employed here pro- ' 
.2 gm N02/kg-fuel 
low the zero impact 
improved, it appears 
It i s  c l e a r  t h a t  t h e  d e t a i l s  o f  t h e  i n d i v i d u a l  des,ign are of great importance 
fo r  it i s   d i f f i c u l t   t o  produce a completely uni form gasews mixture of  fuel  
and a i r   w i t h i n  a space o f  a f r a c t i o n  o f  a meter and w i t h  a residence time on 
the order of  a few mi l l iseconds. The resu l t s  summarized i n  Figure (17) i n d i -  
cate  the  importance of the i n i t i a l  d i s t r i b u t i o n  o f  l i q u i d  f u e l .  A s ing le  
a x i a l l y  mounted nozzle cannot produce adequate penetration of a h igh  ve loc i t y  
mixer flow and r e s u l t s  i n  o n l y  p a r t i a l  p r e m i x i n g  and f a i r l y  h i g h  NOx leve ls .  
Four i n jec to rs  produce a b e t t e r  i n i t i a l  f u e l  d i s t r i b u t i o n  and an intermediate 
NOx leve l .  Twelve i n jec to rs  produce an even b e t t e r  i n i t i a l  d i s t r i b u t i o n  and 
the lowest  NO leve l  o f  a l l  designs  tested.  Calculat ions  indicate even lower 
NO levels  should be achievable,  point ing  out  that  mixing  could s t i l l  be im- 
proved.  Although  there appears t o  be no j u s t i f i c a t i o n  f o r  a t t e m p t i n g  t o  
lower NO l eve ls  below  the  zero  impact  point,  mechanical  designs  which  produce 
even b e t t e r  i n i t i a l  d i s p e r s i o n  o f  t h e  f u e l  will allow shortening the combustor 




Flashback avoidance i s  an important design feature for premixing combustors. 
Since a combustible mixture flows through the premixing duct; care must be 
taken t o  assure that  ign i t ion does not  occur  unt i l  mix ing has been completed. 
Premature i g n i t i o n  will resu l t  i n  h ighe r  NO leve ls  and can p o t e n t i a l l y  damage 
the  mixer  duct.  In  the  experiments  performed  here,  flashback was avoided  by 
designing the mixer duct with a h igh  ve loc i t y  (134 m/sec) and avoiding wakes 
or separated flaw regions which could anchor a flame. The exact 1 i m i t s  f o r  
precluding f lashback have y e t  t o  be determined as funct ions ,of  combustor en- 
trance temperature and pressure and t h i s  d a t a  i s  c l e a r l y  necessary for  working 
designs t o  be generated. 
X 
The problem o f  t h r o t t l i n g  a premixing combustor s t i l l  remains t o  be attacked. 
Since premixing designs operate a t  very low equivalence rat io, even a t  c r u i s e  
17 
power-condit ions, -attempting to th ro t t le  by  reduc ing  equ iva lence ra t io  will 
produce  poor  combustion efficiency. Both staged combustion and var iab le  geo- 
metry have been proposed as p o t e n t i a l  means of implementing premixing canbus- 
t i o n   i n  a pract ical  engine design, but feasibi l i ty  exper iments have y e t  t o  be 
c a r r i e d  out. 
Implementation of premixing designs into pract ical  engines 
s iderable development fo r  success fu l  ope ra t i on  a t  a l l  cond 
id le ,  takeof f  and a l t i t u d e  r e l i g h t .  Work needs to  be done 
formance goals and EPA regulat ions a t  a l l  ope ra t i ng  cond i t  
w i  1 1 requ i r e  con- 
i t i ons  i nc lud ing  




Premixing has been demonstrated t o  be an extremely powerful technique for 
reducing  undesirable gas turbine emissions. As the  degree of premixing 
and prevapor iza t ion   i s  improved the  pol lutant  emissions  are reduced. For 
the 12 o r i f i c e  normal in ject ion  technique, NO l eve ls  reached the  zero 
impact leve l  (0.3 g-N02/kg-fuel) a t  a combustion e f f i c i e n c y  o f  99.5% a t  
the supersonic cruise condit ion. Work needs t o  be performed to incorporate 
these r e s u l t s  i n t o  an operat ional  gas tu rb ine  combustor. 
X 
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APPEND I X 
DATA REDUCT I ON PROCEDURES 
The gas  analysis  instrumentation  provide raw  data in the  form of volume 
fractions  of  the  particular  gases  being  sampled. This raw data is converted 
into  the  more  convenient  form of emission  index  and  equivalence ratio follow- 
ing the  procedures  detailed below. 
Each of the  gas analysis instruments must be calibrated in order  to  convert 
the  instrument  reading to  the  volume  fraction of the  particular  gas  being 
analyzed. In the  case  of  the  Seckman  Model 402 hydrocarbon  analyzer and the 
Beckman  Model  3158 CO analyzer,  this  calibration is accomplished by passing 
prepared  mixtures of cal  ibration gas through  the  instruments and establishing 
calibration  curves. The hydrocarbon  analyzer  was  calibrated using gas  stan- 
dards  containing 50 ppm, 77 ppm and 275 ppm propane in ni trogen. The instru- 
ment output is proportional  to  the  number  of  carbon  atoms  with  hydrogen  bonds. 
in units 
mi 1 1  ion. 
Cal  ibrat 
Thus  pure  hydrogen or pure  carbon  will  produce  no  response and a given  con- 
centration  of  propane (C H ) will  produce  three times the  response of an 
equal  concen trat ion o f  me thane (CH4). The instrument  responds to  a1 1 C-H bonds. 
As a result, it measures  the  sum  of  both  unoxidized  hydrocarbon and partially 
oxidized  hydrocarbon  molecules. The instrument  calibration  curve is shown in 
Figure (18). The response is 1 inear with  hydrocarbon  concentration,  presented 
3 8  
atoms in parts  per of ppmC, that is, the  number  of  hydrogenated  carbQn 
ion of the  Beckman  Model  3158 CO analyzer was accomp lished using start- 
dard gases  with 1010 ppm, 605 ppm, 305 ppm, 65 ppm and 35 ppm CO in nitrogen. 
As shown in Figure (191, the  instrument  has a linear  response for  low CO con- 
centrations but becomes  increasingly  nonlinear  as  concentration  increases. 
The  instrument  was  used  with a calibration  curve  throughout  the  program. 
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The Beckman Model 951 NO/NOx analyzer and Model 864 C02 analyzer were both 
c a l i b r e t e d  by a c t i v e l y  d i l u t i n g  a standard gas w i th  n i t rogen  us ing  p rec i s ion  
r o t m e t e r s  and  a mix ing  tube in  add i t ion  to  us ing  und i lu ted  s tandards  of 
varying concentrat ions.  In the case o f  the C02 analyzer ,  th is  was done i n  
o r d e r  t o  o b t a i n  good coverage of  t h e  e n t i r e  C02 scale. This coverage was 
requ i red  i n  o rde r  to  p roper l y  ad jus t  an i n t e r n a l  l i n e a r i z i n g  c i r cu i t  w i t h i n  
the instrument. I n  t h e  case o f  the NOx ana lyze r ,  ac t i ve  d i l u t i on  o f  a given 
standard gas provided a means o f  double checking the cal ibrat ion gases 
against  one another. This procedure was used t o  guard against inadvertent 
use o f  NOx c a l i b r a t i o n  gases which had decayed during storage, an occasional 
problem w i t h  NOx standards. 
The gases  used f o r  C02 ca l ib ra t ion  conta ined 10.2%, 5.0% and 2.0% C02 i n  n i t r o -  
gen.  The ana lyzer  ca l ib ra t ion  curve  is  shown i n  F i g u r e  (20)  and includes  data 
po in ts  ob ta ined by  d i lu t ing  the  10.2% C02 sample w i th  n i t rogen.  The NOx analyzer 
was c a l  i brated using standards containing 252 ppm, 104 ppm and 97 ppm NOx i n  
n i t rogen as we l l  as  by a c t i v e  d i l u t i o n  o f  t h e  252 ppm standard. The NCx analyzer 
produces a s l i g h t l y  non-1 inear response as i l l u s t r a t e d  i n  F i g u r e  (21)  and was 
used w i t h  a ca l ibrat ion curve throughout  the program. 
The gas analysis instruments were c a l i b r a t e d  once each week us ing  the  en t i re  
set  o f  s tandard gases. Zero gas and  span gas were  passed through a l l  I n s t r u -  
ments immediately p r i o r  t o  each t e s t  and the instrument output recorded on the 
same data  ro l l  wh ich  was used f o r  t h e  subsequent t e s t  run. 
Conversion of   the  molar  concentrat ions (volume fract ions)  provided  by  the 
gas analys is  inst rumentat ion in to  the more convenient  erms of emission  index 
and equiva lence rat io  requi res a p r i o r  knowledge o f  t h e  r a t i o  of carbon t o  
hydrogen i n  the system. This  i s  ascertained  from a chemical  analysis o f  t h e  
f u e l  used i n  t h e  experiments.  For  the JP-5 fue l  used  here,  the  hydrogen to 
carbon r a t i o  i s  1.92 and t h e  f u e l / a i r  r a t i o  i s  g i v e n  b y  Reference 5 t o  be 
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C O X ~ O - ~  + CO, + HCxlO -4 
where CO and HC are the molar concentrat ions of carbon monoxide and unburned 
hydrocarbon i n  u n i t s  o f  p a r t s  p e r  mil 1 ion (ppm) and ppmC respec t ive ly  and C02 
i s  the volume f r a c t i o n  o f  carbon dioxlde expressed as a percentage o f   t o t a l  
gar volume. 
The equ iva lence ra t io  i s  de f ined as t h e  r a t i o  o f  t h e  a c t u a l  f u e l / a i r  r a t i o  t o  
the s t o i c h i o m e t r i c  f u e l / a i r  r a t i o .  For JP-5, 
The canbust ion ef f ic iency for a system producing signi f icant quant i t ies of  NO 
i s  
X 
0.464 CO + 1.1 1 HC + 0.148 NOx 
n b =  1 - 
10 C02 + CO + HC 4 
where NO, i s  the molar concentrat ion of NO plus NO2 i n  u n i t s  o f  ppm. The 
numerator o f  t he  second term represents the potential heat release which could 
be obtained by f u r t h e r  o x i d a t i o n  o f  CO t o  form C02, hydrocarbons t o  form H20 and 
COz, and NO t o  form NO2. However, a c e r t a i n  l e v e l  o f  CO i s  requ i red  by chemical 
equi l ibr ium considerat ions,  th is level  being wel l  represented by the  fo l low ing  
curve f i t  ( f o r  an i n i t i a l  temperature o f  833K and pressure o f  4 x 10 5 2  N/m ) :  
coeq = IO (4.37 (4 - 0.46) 0.751 
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Since  the  production  of  the  equfllbrium CO level  does  not imply combustor 
inefficiency,  the  definition of combustion  efficiency is altered slightly 
so that a penalty accrues only  from that portion of the total CO produced 
which exceeds the equilibrium value. Thus, 
0.464 (CO - COe ) + 1.11 HC + 0.148 NOx 
n b =  1 - (4) 
COP + CO + HC 
Finally, the  measured  volume  fractions CO, hydrocarbons and NOx are  con- 
verted  into  emission  indices  (grams of component per kilogram of fuel)  using 
the  following  expressions: 
CO ( 1  + f/a) 
1035 f/a ECO 
a= 
.I HC ( 1  + f/a) 
EHC 2081 f/a 
NOx (1 + f/a) 
E -  
Nox 630 f/a 
In  Equation ( 7 ) ,  the molecular weight of NO is taken  to be 46. This reflects 
X 
the  assumption that all NO produced  eventually  becomes NO The emission  index 
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